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White-tailed deer are a biotic filter during community
assembly, reducing species and phylogenetic diversity
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Abstract. Community assembly entails a filtering process, where species found in a local community are those that
can pass through environmental (abiotic) and biotic filters and successfully compete. Previous research has demonstrated the ability of white-tailed deer (Odocoileus virginianus) to reduce species diversity and favour browse-tolerant
plant communities. In this study, we expand on our previous work by investigating deer as a possible biotic filter altering local plant community assembly. We used replicated 23-year-old deer exclosures to experimentally assess the effects of deer on species diversity (H′ ), richness (SR), phylogenetic community structure and phylogenetic diversity in
paired browsed (control) and unbrowsed (exclosed) plots. Additionally, we developed a deer-browsing susceptibility
index (DBSI) to assess the vulnerability of local species to deer. Deer browsing caused a 12 % reduction in H′ and 17 %
reduction in SR, consistent with previous studies. Furthermore, browsing reduced phylogenetic diversity by 63 %, causing significant phylogenetic clustering. Overall, graminoids were the least vulnerable to deer browsing based on DBSI
calculations. These findings demonstrate that deer are a significant driver of plant community assembly due to their
role as a selective browser, or more generally, as a biotic filter. This study highlights the importance of knowledge
about the plant tree of life in assessing the effects of biotic filters on plant communities. Application of such knowledge
has considerable potential to advance our understanding of plant community assembly.
Keywords:

Browsing; herbivory; phylogenetic clustering; phylogenetic community ecology;
plant– animal interactions; species diversity.

Introduction
During the community assembly process—the formation
of local communities from a regional species pool—most
available species are ‘filtered out’ of local communities on
the basis of genotypes, dispersal limitations or sets of
traits that are least suited to a particular habitat (Keddy
1992; HilleRisLambers et al. 2012). The species found in
a local community are those that can pass through

environmental (abiotic) and biotic filters and successfully
compete. Herbivores may act as a biotic filter (Augustine
and McNaughton 1998; Suzuki et al. 2013) by preventing a
species that is otherwise well adapted to the abiotic conditions in a local community from persisting over time.
Herbivory is thus expected to produce local communities
consisting of species with traits that confer resistance
to or tolerance of herbivory. If herbivory resistance or
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of how deer serve as a biotic filter in plant community
assembly.

Methods
Study site
This study was conducted at the 2500 ha Dairymen’s Club
in Wisconsin, USA (46.158N, 89.688W). The site is privately
owned and managed for conservation, recreation and scientific research. The climate is continental, with average
yearly precipitation between 550 and 780 mm and a
mean temperature range of 220 8C in winter to 32 8C in
summer (Rooney et al. 2004). The landscape is heterogeneous, including lakes, sedge meadows and mixed conifer – hardwood forest. Dairymen’s Club purchased the
property in 1925, and all hunting has been prohibited
since then (Rooney 2006). In the absence of hunting,
the deer population grew quickly. Growth was further
fuelled by a supplemental deer-feeding programme
from 1950 to 2000. In feeding areas, local concentrations
exceeded 100 deer km22. Forests are the predominant
land cover type in the area, and dominant canopy trees
include Acer saccharum, Tsuga canadensis and Betula
alleghaniensis.

Deer exclosure experiment
In 1990, four deer exclosures were constructed within
500 m of feeding areas on the property to protect vulnerable plant species from continuous browsing. These longterm exclosures are 1.8 m tall, range in size from 196 to
720 m2 (Rooney 2009) and are constructed of 2.5 ×
7.5 cm wire mesh. The deer densities at this site throughout the 20th century were much higher than were found
throughout the northern Wisconsin region (Rooney
2006). To understand the long-term effects of these prolonged deer densities on forest understorey plant communities, three permanent ground-vegetation transects
were established inside and outside each exclosure in
2006 (Rooney 2009). Each transect totals 10 m in length
and extends 5 m into an adjacent unfenced area (control)
and 5 m into its paired exclosure (separated by the exclosure fence). The unique history of deer population dynamics at this study site, combined with the construction
of these exclosures decades ago, allows us to better assess the long-term effects of deer as a driver of plant
community assembly.

Vegetation data collection
Per cent cover data were collected from the permanent
transects during the first or second week of June each
year from 2006 to 2012, except 2007. The line-intercept
method was used to obtain cover data. All plants ≤1 m
tall were identified to species. Each exclosure and control
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tolerance evolves on the plant tree of life (i.e. if it is phylogenetically heritable), we would expect herbivory to alter
phylogenetic diversity within communities. Such changes
are important from both a theoretical and applied perspective: understanding shifts in the phylogenetic structure of plant communities in response to experimental
removal from herbivory can help elucidate how and to
what extent herbivory is a biotic filter shaping plant communities. Phylogenetic diversity needs to be better investigated as a tool for more targeted conservation efforts
and for understanding the maintenance of biodiversity
in conservation areas (Faith 1992).
White-tailed deer (Odocoileus virginianus) overabundance is a conservation issue throughout parts of
eastern North America, because browsing alters community structure, composition and diversity of forests
(Horsley et al. 2003; Côté et al. 2004). Changes in community composition reflect the selective browsing strategy of
white-tailed deer. Deer consume palatable, nutrient-rich
species when available and lesser quality browse when
high-quality sources are depleted (Beals et al. 1960;
Balgooyen and Waller 1995; Waller and Alverson 1997;
Côté et al. 2004). Unpalatable, browse-tolerant and nonpreferred plant species are commonly observed in heavily
browsed areas (Tremblay et al. 2006; Rooney 2009; Martin
et al. 2010; Royo et al. 2010; Goetsch et al. 2011). It is thus
not surprising that deer browsing has been linked to both
plant population extirpations and reductions in forest
understorey species richness (SR) (Rooney and Dress
1997; Horsley et al. 2003; Rooney et al. 2004; Martin
et al. 2010).
Here, we examine a community in which deer have
been experimentally removed for two decades and investigate how this has affected the phylogenetic community
structure. In this study, we surveyed vascular plant taxa in
successive years in paired control and deer exclosure
plots. We had three main goals of our analysis. We first
determined the effects of deer browsing on community
structure by comparing both species and phylogenetic diversity in control and exclosed areas. We were particularly
interested in whether phylogenetic data provided additional information not contained in species diversity
measures (Vellend et al. 2011), and whether deer browsing altered the degree of phylogenetic relatedness within
each local community. We next tested for phylogenetic
patterns in two categories of traits associated with vulnerability to deer browsing: browse type (Rooney 2009)
and pollination mode (Rooney et al. 2004). We then developed a deer-browsing susceptibility index (DBSI) to
quantitatively separate vulnerable from non-vulnerable
species at our study site. By applying the tools of phylogenetic diversity to an applied study of the conservation
impacts of deer herbivory, we refine our understanding
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Diversity metrics and analysis
Phylogeny. A rooted phylogenetic tree was created using
DNA sequences of three gene regions. The tree is site
specific, in that we only obtained gene sequences from
species found at the study site. We did not sequence
species from the regional species pool not found in our
study plots. Of these DNA regions, one (the 5′ end of the
chloroplast rbcL gene) is highly conserved across
angiosperms. It is a widely used DNA barcoding gene
(Kress and Erickson 2007) that has been the workhorse
of broad-scale phylogenetics across higher plants (e.g.
Chase et al. 1993). This gene aligns unambiguously
across green plants and provides solid information on
genetic relationships across the samples we studied.
The other two DNA regions are more rapidly evolving
and used widely in fine-scale phylogenetics in flowering
plants: the chloroplast intergenic spacer between the 3′
end of the trnL exon and the 5′ end of the trnF exon
(hereafter in the paper referred to as the trnL – trnF
region) (Taberlet et al. 1991), and nuclear ribosomal
internal transcribed spacer regions (ITS1 and ITS2),
including the embedded 5.8S gene (hereafter in the
paper referred to collectively as the ITS region) (Baldwin
et al. 1995). These genes, however, were not fine-scale
enough to determine intraspecific differences between
individuals. All sequences were used to determine
genetic differences at the species level, and to confirm
species identification in cases of uncertainty. Gene
sequences for 18 of the 36 species at our study site
were obtained from NCBI GenBank (Benson et al. 2010)
[see Supporting Information, bolded], and the other 18
were sequenced from material collected during the 2012
field season [see Supporting Information, italicized].
Sequences for this study used the following PCR
primers: ITS-I (Urbatsch et al. 2000) and ITS-4 (White
et al. 1990); rbcLa-F (Levin et al. 2003) and rbcLa-R
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(Kress et al. 2009) and for the trnL – trnF intergenic
spacer, Taberlet et al. (1991) primers e and f. PCR
reactions were conducted as in Hipp et al. (2006), with
the following cycling regimens: ITS: 94.08 for 5:00; 35
cycles of: 94.08 for 0:30, 48.08 for 1:00, 72.08 for 1:30;
72.08 for 7:00. rbcL: 94.08 for 5:00; 35 cycles of: 94.08 for
0:30, 52.08 for 1:00, 72.08 for 1:30; 72.08 for 7:00. trnL –
trnF: 95.08 for 3:00; 50 cycles of: 95.08 for 0:20, 45.08 for
0:30, 52.08 for 4:00; 72.08 for 7:00. PCR products were
cycle sequenced using BigDye reaction kits and the PCR
primers, and unincorporated dye terminators were
removed using CleanSEQ magnetic beads (Agencourt,
Beckman Coulter). PCR was conducted at The Morton
Arboretum, and sequencing was conducted on an ABI
3730 capillary sequencer in The Pritzker Lab of the Field
Museum. Double-stranded DNA sequence contigs were
cleaned manually in Sequencher 3.0 (Gene Codes
Corporation, Ann Arbor, MI, USA) and exported as text
for analysis.
DNA sequences were aligned using Muscle v. 3.8.31
(Edgar 2004a, b) and manually adjusted. Data for the
rbcL region were globally aligned without ambiguities, including all taxa. Global alignment of all taxa simultaneously for the ITS and trnL – trnF regions, however,
produced alignments that were riddled with ambiguities.
To address this, data matrices were first aligned by APGIII
order. Then, profile-to-profile alignments were utilized, in
which the alignment within each order is held fixed but
nucleotide positions are allowed to shift among orders.
Profile-to-profile alignments were conducted among
most closely related orders, moving progressively up the
tips to the root of the green plants tree of life, using the
Angiosperm Phylogeny Group tree (APG III 2009) as updated in APG Web (Stevens 2001 onwards).
Multiple alignments were then concatenated and analysed under likelihood in RAxML v.7.2.6 (Stamatakis 2006),
using the GTRCAT nucleotide substitution model, using
the multithreading option on a 4-core Intel processor
(Stamatakis and Ott 2008). Analysis was conducted
using 200 bootstrap replicates. Branch lengths were optimized on the resulting tree using penalized likelihood
(Sanderson 2002) as implemented in the ape package
(Paradis et al. 2004) of R v.2.13.1 (R Development Core
Team 2011). Smoothing parameters from 10 to 0.001
were tried and found to have no appreciable effect on
the branch lengths on the tree. The reported tree
(Fig. 1) utilizes a smoothing parameter of 1.0. All DNA sequences generated for this study are deposited in NCBI
GenBank [see Supporting Information].
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area was sampled equally, regardless of size of exclosure.
Along each transect, a measuring tape was laid on the
ground beneath the vegetation. If any part of the organ
of a plant (i.e. leaf, stem, flower) intercepted the transect
the plant was identified to species, and length (to the
nearest cm) of the tape covered was recorded. Per cent
cover for the ith species in a plot was calculated as
(Sni)/1500, where n is the length of the tape covered by
each occurrence of species i (to the nearest cm) along
that transect. The denominator is the length in centimetres of three 5 m transects. Because multiple species
can intercept the same transect segment at different
heights, the total per cent cover can exceed 100 %. Per
cent cover of the ith species across all four plots within
a treatment is (Sni)/6000 (Rooney 2009).

Phylogenetic diversity. Using the site-specific phylogenetic
tree, we analysed phylogenetic signal, diversity and
patterns of community structure. To test for phylogenetic
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signal we used two different approaches with two different
character traits: browse type (woody, broadleaf forb, fern,
grass, sedge or lycopod) and pollination mode (biotic or
abiotic). Based on previous research, we predicted species
persisting in browsed areas would be abiotically pollinated
grasses and sedges (graminoids) (Rooney et al. 2004;
Rooney 2009). We estimated the phylogenetic signal
of pollination mode (Rooney et al. 2004), a binary trait,
using Fritz and Purvis’ (2010) D statistic in the caper
package in R (Orme 2013). A value of D ¼ 0 indicates a
trait consistent with a Brownian threshold model, while a
value of D ¼ 1 indicates a trait following a random
distribution. Values can fall outside of this range, with
those significantly less than 0 indicating high phylogenetic
conservatism, and values significantly higher than 1
indicating phylogenetic overdispersion. Significance is
assessed by comparing observed trait distributions with
expected distributions simulated under a Brownian
motion model or by random permutation of the original
tip states. For the multistate trait browse type (Rooney
2009), we used Mesquite (Maddison and Maddison
2011) to calculate the minimum number of character
transitions needed to observe trait distribution under
maximum parsimony on our site-specific maximum
likelihood tree (Fig. 1), and compared the observed
value with a null distribution calculated over 1000
permutations of the tip states. The Type I error rate (P)
value was estimated as the number of permutations

4
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Species diversity. Species richness was defined as the
total number of species encountered along transects
at each plot. Species diversity indices were calculated
using the Shannon–Wiener (Shannon and Weaver 1949)
standard diversity metric (H′ ). We used H′ because it is
weighted for abundance and is less correlated with SR
than Simpson’s diversity index (D). Per cent cover data
for each species from each control and exclosure plot
was used for abundance.

Statistical analysis
We compared MPD, SR and H′ of controls and exclosures
using a linear mixed effects model with site as a random
effect, and treatment, year and treatment/year interaction as fixed effects. The random effect of site was retained within the model if P , 0.10. Significant fixed
effects were reported at the P , 0.05 level. For NRI, we
pooled all sites together by treatment and analysed by
year, comparing phylogenetic distance of communities
across the most parsimonious tree with simulated ones
with shuffled tip labels over 999 permutations. This shuffling simulates a null expectation of no effect of phylogeny. Resulting P values were used to identify which
years and which exclosures were most influenced by
phylogenetic structure.

Deer-browsing susceptibility index
To evaluate plant species susceptibility to deer browsing
and identify those reliant on exclosures for persistence,
we developed a DBSI. It compares relative cover of
plant species inside and outside exclosures, and scales
from 0 to 1 for each species. The DBSI value for each

& The Authors 2014
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Figure 1. Rooted phylogenetic tree (using ITS, rbcL and trnL– trnF regions) of all species present at the study site. Phylogeny was estimated using maximum likelihood in RAxML, as described in the
Methods.

for which the parsimony score (minimum number of
character steps) was less than or equal to the parsimony
score for the browse type data.
As a general metric of phylogenetic diversity we used
mean pairwise phylogenetic distance (MPD) as implemented in the R package picante (Kembel et al. 2013).
We chose MPD because it is less correlated with SR than
Faith’s (1992) phylogenetic diversity (Yessoufou et al.
2013) and is more sensitive to changes between distantly
related taxa than mean nearest taxon distance. To test
for phylogenetic patterns of community structure we
used the net relatedness index (NRI, also in picante),
which compares the phylogenetic structure of our measured communities with randomly permuted trees. Specifically, we tested if control or exclosure communities
were phylogenetically autocorrelated (clustered), showing less phylogenetic diversity than expected at random.
Large positive NRI values indicate clustering, while a large
absolute value derived from a negative NRI indicates
phylogenetic overdispersion.

Begley-Miller et al. — Deer are a biotic filter during local plant community assembly

species represents the fraction of that species’ per cent
cover inside versus outside the exclosure. A score of 0 indicates a species is only found outside exclosures, while a
score of 1 indicates a species is only found inside exclosures. To exclude rare species that would skew DBSI
calculations, we only included species present in more
than two exclosures or controls in two or more years.
Deer-browsing susceptibility index was calculated separately for each species in each year using the following
equation:


 
 
Ce /
Cc
Ce +

where Ce is the per cent cover inside the exclosure, Cc is
the per cent cover outside the exclosure and S(s ¼
1,2,. . .,n) is the sum of Ce (or Cc) across all exclosures (or
controls). In the results, we report a single mean DBSI
value across all years for each species.

Results
Species and phylogenetic diversity
Species richness and H′ responded similarly to browsing
from deer. Browsing caused a 17 % reduction in SR
(F(1,43) ¼ 5.81, P ¼ 0.02; Fig. 2A) and 12 % reduction in
H′ (F(1,42.99) ¼ 4.43, P ¼ 0.04; Fig. 2B). Neither metric
showed a year (SR: F(5,38) ¼ 0.189, P ¼ 0.96; H′ :

Figure 2. Mean species richness (A), Shannon – Weiner diversity (B)
and mean pairwise phylogenetic distance (C) in exclosure (grey
bars) and control (blue bars) areas across all years (2006 – 2012, excluding 2007). Different letters indicate statistical significance between groups at the P , 0.05 level, as tested using ANOVA in a
linear mixed effects model. Error bars are +1 SE.
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DBSI =

F(5,37.99) ¼ 0.658, P ¼ 0.66), or treatment/year interaction
effect (SR: F(5,33) ¼ 0.913, P ¼ 0.48; H′ : F(5,32.99) ¼ 0.468,
P ¼ 0.7971). Site was significant in both models (SR:
x 2(1,48) ¼ 11.48, P ¼ 0.0007; H′ : x 2(1,48) ¼ 7.52, P ¼ 0.0061).
Browsing significantly reduced phylogenetic diversity
(MPD) by 63 % (F(1,42.98) ¼ 42.36, P , 0.00001; Fig. 2C).
The effect of year (F(5,37.98) ¼ 0.24, P ¼ 0.94) and the
interaction of year and treatment (F(5,32.98) ¼ 0.46,
P ¼ 0.80), however, were not significant in browsed or
unbrowsed plots. Site was a significant random effect
in the model at the P , 0.10 level (x 2(1,48) ¼ 2.72,
P ¼ 0.099). Analysis of NRI showed significantly higher relatedness in browsed areas than expected by chance in
each year sampled (range: +1.53 to +2.51, P , 0.05;
Fig. 3). Exclosure areas did not show structured phylogenetic response (range: 20.60 to +0.01, P . 0.05).

Phylogenetic signal
Pollination mode exhibits clustering (D ¼ 20.672;
Table 1) relative to a random null model (two-tailed
P , 0.001; 1000 permutations of the tip states). Clustering is also stronger than expected under Brownian motion null distribution, but not significantly so (two-tailed
P ¼ 0.14; 1000 Brownian motion simulations of the tip
states under a threshold model; Fritz and Purvis 2010).
Browse type (woody, broadleaf herb, fern, grass, sedge
or lycopod) also showed significant phylogenetic clustering relative to a phylogenetically neutral null model
(Table 1). The number of evolutionary steps in the maximum parsimony reconstruction of browse type was 8,

Figure 3. Net relatedness index of exclosure areas (squares) and
control areas (circles) from 2006 to 2012 (excluding 2007). Points
highlighted in green indicate NRI values significantly greater than
expected by chance (P , 0.05, based on 999 random permutations
of the tip states on the phylogeny).
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while the mean number of evolutionary steps in 1000
simulated trees with permutated tips was 22.1 (95 % CI
[19, 25], P , 0.001).

Deer-browsing susceptibility index

Discussion
Species and phylogenetic diversity
Excluding deer for two decades significantly increased
species diversity, richness and phylogenetic diversity of
plant communities. These results are consistent with previous studies documenting the loss of species diversity
of plant communities due to selective browsing by deer
(Gill and Beardall 2001; Horsley et al. 2003; Rooney et al.
2004; Suzuki et al. 2013). These results also reveal a substantial loss of phylogenetic diversity in browsed plots. If
we set the basal node of our ultrametric tree to a depth of
432 million years, based on a recent estimate of the age
of the Tracheophyta (Smith et al. 2010), the observed loss
of only a few branches represents an average difference
in phylogenetic diversity between browsed and unbrowsed plots of 372.5 million years.

Figure 4. A stacked bar graph representing the mean calculated
DBSI of each species present in more than one exclosure in two or
more years. Light grey bars indicate the proportion of the species
present in control areas, while dark grey bars indicate the proportion
of the species present in exclosures. Species are ordered left to right
from the least susceptible (S. purpurascens) to most susceptible
(T. canadensis).

Table 1. Tests for phylogenetic signal for pollination mode and browse type using Fritz and Purvis’ D statistic and phylogenetic autocorrelation,
respectively. To test for phylogenetic signal for the binary trait pollination mode, we used Fritz and Purvis’ D statistic. For this test, significance is
assessed by comparing observed trait distributions with expected distributions simulated under a Brownian motion model or by random
permutation of the original tip states. For the multistate trait browse type we calculated the maximum parsimony of browse type on our
site-specific maximum likelihood tree, and compared the observed value with a null distribution generated by 1000 permutations of the tip
states. The Type I error rate (P) value for this test was estimated as the minimum number of simulated trees with parsimony reconstruction
of less than or equal to the number of steps in the observed reconstruction. Significant P values (P , 0.05) for both tests indicate that traits
are phylogenetically clustered (i.e. not phylogenetically independent).
Parameter
Phylogenetic autocorrelation
Parameter
Fritz and Purvis’ D statistic
............................................................................................................................................................................
Character type
Categorical (browse type)
Character type
Binary (pollination mode)
Number of permutations

1000

Number of permutations

Difference in no. of evolutionary

214.1

D statistic

LCI: 19

Probability of D given Brownian

1000
20.674

steps (MP2mean shuffled)
95 % confidence interval

UCI: 25
P value

,0.001

0.144

phylogenetic structure
Probability of D given random

,0.001

phylogenetic structure

6

AoB PLANTS www.aobplants.oxfordjournals.org

& The Authors 2014

Downloaded from http://aobpla.oxfordjournals.org/ at Wright State University Libraries on October 28, 2014

The two most deer-browse-susceptible species (Polygala
paucifolia and T. canadensis) were found exclusively inside exclosures (DBSI ¼ 1.0; Fig. 4). Both species represent
very different growth patterns, as P. paucifolia is a perennial broadleaf herb and T. canadensis is an evergreen
woody-browse species. All species in the low susceptibility category were graminoids or club mosses, with Schizachne purpurascens being the least susceptible of all
species analysed (DBSI ¼ 0.02; Fig. 4).

We found significant changes to the phylogenetic community structure of browsed plant communities. These
findings demonstrate the ability of deer to shape northern plant communities by filtering out species that
share a suite of phylogenetically heritable traits contributing to their browse susceptibility. This conclusion rests
on two findings. First, pollination mode and browse type

Begley-Miller et al. — Deer are a biotic filter during local plant community assembly

Deer-browsing susceptibility index
In this study, species in the low deer-browsing susceptibility category exhibited characteristics of tolerant or resistant species. Eight species were of either the grass or
sedge (graminoid) browse type with abiotic pollination
mode. Collectively they are considered browse tolerant,
because they have basal meristems and are able to regrow following browsing (Coughenour 1985). As expected, species categorized as broadleaf herbs and
woody browse types were classified as susceptible, and
most of these species exhibit biotic pollination. The moresusceptible broadleaf herbaceous plant species are

AoB PLANTS www.aobplants.oxfordjournals.org

broadly distributed through the phylogeny, consistent
with our NRI values.
Generally, our findings are consistent with other studies
showing the ability of deer to promote browse tolerant and
unpalatable species (Horsley et al. 2003; Côté et al. 2004;
Royo and Carson 2006). In this study, however, DBSI is
based on species presence inside and outside exclosures.
It does not directly measure a species’ susceptibility to
deer browsing based on chemical composition or deer
preference. As a result, DBSI could reflect a species’ response to certain environmental conditions (e.g. shading
and competition). To the extent that deer exclusion creates a more favourable microhabitat for species, DBSI
can reflect differences not directly due to deer herbivory.
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(two traits linked to plant-browsing susceptibility) exhibit
significant phylogenetic signal. Deer are thought to visually cue in on biotically pollinated plants due to their conspicuous flowers (Wiegmann and Waller 2006), and since
ungulate browse type classes are taxonomically clustered, we expected this trait to exhibit a strong phylogenetic signal. As we observe in this study, many other
studies report increases in the relative abundances of
the grass and sedge browse types following increases in
deer density (Halls and Crawford 1960; Kie et al. 1980;
Horsley et al. 2003; Rooney et al. 2004). We did not, however, find an increase in the relative abundance of the
fern browse type in response to deer browsing, contrasting findings elsewhere in North America and New
Zealand (Royo and Carson 2006).
Second, plant community phylogenetic patterns
showed significant phylogenetic clustering in browsed
plots across all years, indicating species in these communities were much more related than expected by chance.
Unbrowsed plots showed no phylogenetic pattern relative
to the suite of species observed. We interpret phylogenetic
clustering in browsed communities as arising from
a biotic filtering process during community assembly.
Because each pair of browsed and unbrowsed plots is
spatially adjacent in homogeneous environments, it is
unlikely that abiotic environmental filtering accounts for
phylogenetic clustering in browsed plots (Mayfield and
Levine 2010). It is more likely that any species from our
species pool can establish in browsed plots, but that
many are competitively excluded due to fitness inequalities arising from their low browse tolerance or resistance
(Chesson 2000; Mayfield and Levine 2010). Deer browsing
favours species from the flowering plant clade Poales, represented in our study by the Poaceae and Cyperaceae,
thus filtering out much phylogenetic diversity. This effect
is reflected both in the phylogenetic patterns of trait
conservatism and in our NRI values. The consequence is
the loss of representative evolutionary history in the forest understorey layer.

Conclusions
In our study area, deer herbivory acts as a biotic filter.
Deer reduce species diversity, SR and phylogenetic diversity by filtering out species that have browse-susceptible
traits. Deer have suppressed browse-intolerant species
and promoted the coexistence of closely related browsetolerant species. Phylogenetic diversity indices have been
previously used as a way to assess effects of disturbance
(Cavender-Bares and Reich 2012) or environmental gradients (Pellissier et al. 2012) on community structure. Our
study is the first to identify white-tailed deer as a significant driver of plant community assembly using phylogenetic methods.
We gain two fundamental insights from applying the
tools of phylogenetic community ecology to this classic
study system. First, evolutionary history shapes plant responses to herbivory. The traits we measured—and, presumably a host of other unmeasured traits that affect
browse-susceptibility—have high phylogenetic heritability. Second, the phylogenetic heritability of these traits
shapes the effect of browsing on phylogenetic diversity
and community structure. Thus, as has been shown in
other studies of herbivory (e.g. Pearse and Hipp 2009,
2012), phylogenetic heritage integrates over a large number of traits and may thus be a better predictor of herbivore susceptibility than even suites of measured traits.
There are hundreds of published studies that have used
exclosures to examine the influence of deer herbivory
on plant community composition. A re-analysis of data
from these studies using the framework of phylogenetic
community ecology may provide us even stronger evidence about the utility of phylogeny for predicting plant
community responses to management and disturbance.
It is our expectation that the resulting increased ability to
identify species at risk will enable more effective conservation management and further advances in our understanding of plant community assembly.
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Côté S, Rooney T, Tremblay J, Dussault C, Waller D. 2004. Ecological
impacts of deer overabundance. Annual Review of Ecology,
Evolution, and Systematics 35:113 – 147.
Coughenour M. 1985. Graminoid responses to grazing by large herbivores: adaptations, exaptations, and interacting processes.
Annals of the Missouri Botanical Garden 72:852 – 863.
Edgar R. 2004a. MUSCLE: a multiple sequence alignment method with
reduced time and space complexity. BMC Bioinformatics 5:113.

All novel sequences for nucleic acids have been submitted
and accepted into GenBank as of 18 December 2013.
A table of accession numbers for these sequences is
included in the supporting information section of this
manuscript.

Edgar R. 2004b. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Research 32:1792–1797.

Supporting Information

Fritz S, Purvis A. 2010. Selective in mammalian extinction risk and
threat types: a new measure of phylogenetic signal strength in
binary traits. Conservation Biology 24:1042 –1105.

The following Supporting Information is available in the
online version of this article –
File 1. Accession numbers as approved by GenBank on
18 December 2013. Herbarium voucher numbers pending. NA indicates the gene was not sequenced, bold numbers indicate the gene was obtained from GenBank and
numbers in italics indicate the gene was sequenced by
The Morton Arboretum.

Literature Cited
APG III. 2009. An update of the Angiosperm Phylogeny Group classification for the orders and families of flowering plants: APG III.
Botanical Journal of the Linnean Society 161:105 – 121.
Augustine D, McNaughton S. 1998. Ungulate effects on the functional species composition of plant communities: herbivore selectivity and plant tolerance. The Journal of Wildlife Management 62:
1165 – 1183.

8

Beals E, Cottam G, Vogl R. 1960. Influence of deer on vegetation of
the Apostle Islands, Wisconsin. The Journal of Wildlife Management 24:68– 80.

AoB PLANTS www.aobplants.oxfordjournals.org

Faith D. 1992. Conservation evaluation and phylogenetic diversity.
Biological Conservation 61:1 – 10.

Gill R, Beardall V. 2001. The impact of deer on woodlands: the effects
of browsing and seed dispersal on vegetation structure and composition. Forestry 74:209 –218.
Goetsch C, Wigg J, Royo A, Ristau T, Carson W. 2011. Chronic over
browsing and biodiversity collapse in a forest understory in Pennsylvania: results from a 60 year-old deer exclusion plot. Journal of
the Torrey Botanical Society 138:220 – 224.
Halls L, Crawford H. 1960. Deer-forest habitat relationships in North
Arkansas. Journal of Wildlife Management 24:387 – 395.
HilleRisLambers J, Adler P, Harpole W, Levine J, Mayfield M. 2012. Rethinking community assembly through the lens of coexistence
theory. Annual Review of Ecology, Evolution and Systematics 43:
227 –248.
Hipp A, Reznicek A, Rothrock P, Weber J. 2006. Phylogeny and classification of Carex section Ovales (Cyperaceae). International Journal of Plant Sciences 167:1029 –1048.
Horsley S, Stout S, DeCalesta D. 2003. White-tailed deer impact on
the vegetation dynamics of a Northern Hardwood forest. Ecological Applications 13:98 –118.

& The Authors 2014

Downloaded from http://aobpla.oxfordjournals.org/ at Wright State University Libraries on October 28, 2014

D.R.B.-M. collected data, analysed data, drafted first version of the manuscript. A.L.H. conducted analysis and collaborated in interpretation of results and manuscript
preparation. B.H.B. and M.H. conducted DNA sequencing
and phylogenetic analysis and helped with manuscript
preparation. T.P.R. secured funding, collected data,
helped with data analysis and contributed to writing the
manuscript.

Begley-Miller et al. — Deer are a biotic filter during local plant community assembly

Keddy P. 1992. Assembly and response rules: two goals for predictive
community ecology. Journal of Vegetation Science 3:157 – 164.

dynamics, biodiversity, and succession. Canadian Journal of Forest Research 36:1345 –1362.

Kembel S, Ackerly D, Blomberg S, Cornwell W, Cowan P, Helmus M,
Morlon H, Webb C. 2013. Picante: R tools for integrating phylogenies and ecology. cran.r-project.org/web/packages/picante/
picante.pdf.

Royo A, Collins R, Adams M, Kirschbaum C, Carson W. 2010. Pervasive
interactions between ungulate browsers and disturbance regimes promote temperate forest herbaceous diversity. Ecology
91:93 – 105.

Kie J, Drawe D, Scott G. 1980. Changes in diet and nutrition with increased herd size in Texas white-tailed deer. Journal of Range
Management 33:28– 34.

Sanderson M. 2002. Estimating absolute rates of molecular evolution
and divergence times: a penalized likelihood approach. Molecular
Biology and Evolution 19:101 –109.

Kress W, Erickson D. 2007. A two-locus global DNA barcode for land
plants: the coding rbcL gene complements the non-coding
trnH-psbA spacer region. PLoS ONE 2:e508.

Shannon C, Weaver W. 1949. The mathematical theory of communication. Urbana: The University of Illinois Press.

Levin R, Wagner W, Hoch P, Nepokroeff M, Pires J, Zimmer E,
Sytsma K. 2003. Family-level relationships of Onagraceae
based on chloroplast rbcL and ndhF data. American Journal of
Botany 90:107 – 115.

Smith S, Beaulieu J, Donoghue M. 2010. An uncorrelated relaxedclock analysis suggests an earlier origin for flowering plants.
Proceedings of the National Academy of Sciences of the USA
107:5897 – 5902.
Stamatakis A. 2006. RAxML-VI-HPC: maximum likelihood-based
phylogenetic analyses with thousands of taxa and mixed models. Bioinformatics 22:2688 – 2690.

Maddison W, Maddison D. 2011. Mesquite: a modular system for evolutionary analysis. Version 2.75 http://mesquiteproject.org.

Stamatakis A, Ott M. 2008. Efficient computation of the phylogenetic
likelihood function on multi-gene alignments and multi-core
architectures. Philosophical Transactions of the Royal Society B:
Biological Sciences 363:3977 – 3984.

Martin J, Stockton S, Allombert S, Gaston A. 2010. Top-down and
bottom-up consequences of unchecked ungulate browsing on
plant and animal diversity in temperate forests: lessons from
a deer introduction. Biological Invasions 12:253 – 271.

Stevens P. 2001. onwards. Angiosperm Phylogeny Website, Version 12, July 2012 [and more or less continuously updated
since]. http://www.mobot.org/MOBOT/research/APweb/ (August
2012).

Mayfield M, Levine J. 2010. Opposing effects of competitive exclusion
on the phylogenetic structure of communities. Ecology Letters
13:1085 –1093.

Suzuki M, Miyashita T, Kabaya K, Ochiai K, Asada M, Kikvidze Z.
2013. Deer herbivory as an important driver of divergence of
ground vegetation communities in temperate forests. Oikos 122:
104–110.

Orme D. 2013. The caper package: comparative analysis of phylogenetics and evolution in R. http://cran.r-project.org/web/packages/
caper/caper.pdf.
Paradis E, Claude J, Strimmer K. 2004. APE: analyses of phylogenetics
and evolution in R language. Bioinformatics 20:289 –290.
Pearse IS, Hipp AL. 2009. Phylogenetic and trait similarity to a native
species predict herbivory on non-native oaks. Proceedings of the
National Academy of Sciences of the USA 106:18097 –18102.
Pearse IS, Hipp AL. 2012. Global patterns of leaf defenses in oak
species. Evolution 66:2272 – 2286.
Pellissier L, Alvarez N, Espı́ndola A, Pottier J, Dubuis A, Pradervand J,
Guisan A. 2012. Phylogenetic alpha and beta diversities of butterfly communities correlate with climate in the western Swiss Alps.
Ecography 35:001 – 010.
R Development Core Team. 2011. R: A language and environment for
statistical computing. Vienna, Austria: R Foundation for Statistical
Computing. ISBN 3-900051-07-0. http://www.R-project.org/.

Taberlet P, Gielly L, Pautou G, Bouvet J. 1991. Universal primers for
amplification of three non-coding regions of chloroplast DNA.
Plant Molecular Biology 17:1105 –1109.
Tremblay J, Hout J, Potvin F. 2006. Divergent nonlinear responses of
the boreal forest layer along an experimental gradient of deer
densities. Oecologia 150:78 –88.
Urbatsch L, Baldwin B, Donoghue M. 2000. Phylogeny of the coneflowers and relatives (Heliantheae: Asteraceae) based on nuclear
rDNA internal transcribed spacer (ITS) sequences and chloroplast
DNA restriction site data. Systematic Botany 25:539 –565.
Vellend M, Cornwell W, Magnuson-Ford K, Mooers A. 2011. Measuring
phylogenetic biodiversity. In: Magurran A, McGill B, eds. Biological
diversity: frontiers in measurement and assessment. Oxford:
Oxford University Press, 193 –206.
Waller D, Alverson W. 1997. The white-tailed deer: a keystone herbivore. Wildlife Society Bulletin 25:217 – 226.

Rooney T. 2009. High white-tailed deer densities benefit graminoids
and contribute to biotic homogenization of forest ground-layer
vegetation. Plant Ecology 202:103 –111.

White T, Bruns T, Lee S, Taylor J. 1990. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics. In:
Innis M, Gelfand D, Sninsky J, White T, eds. PCR protocols: a
guide to methods and applications. New York: Academic Press,
Inc. 315 – 322.

Rooney T, Dress W. 1997. Species loss over sixty-six years in the
ground layer vegetation of heart’s content, an old-growth forest
in Pennsylvania, USA. Natural Areas Journal 17:297 –305.

Wiegmann S, Waller D. 2006. Fifty years of change in northern upland forest understories: identity and traits of ‘winner’ and
‘loser’ plant species. Biological Conservation 129:109 – 123.

Rooney T, Wiegmann S, Rogers D, Waller D. 2004. Biotic impoverishment and homogenization in unfragmented forest understory
communities. Conservation Biology 18:787 – 798.

Yessoufou K, Davies J, Maurin O, Kuzmina M, Schaefer H, van der
Bank M, Savolainen V. 2013. Large herbivores favour species diversity but have mixed impacts on phylogenetic community
structure in an African savannah ecosystem. Journal of Ecology
101:614 –625.

Rooney T. 2006. Deer density reduction without a 12-Gauge shotgun
(Wisconsin). Ecological Restoration 24:205 – 206.

Royo A, Carson W. 2006. On the formation of dense understory layers
in forests worldwide: consequences and implications for forest

AoB PLANTS www.aobplants.oxfordjournals.org

Downloaded from http://aobpla.oxfordjournals.org/ at Wright State University Libraries on October 28, 2014

Kress W, Erickson D, Jones F, Swenson N, Perez R, Sanjur O,
Bermingham E. 2009. Plant DNA barcodes and a community phylogeny of a tropical forest dynamics plot in Panama. Proceedings of
the National Academy of Sciences of the USA 106:18621–18626.

& The Authors 2014

9

